ABSTRACT: Consumption of endophyte-infected tall fescue during summer months can result in severe hyperthermia in cattle. Six heifers (296 ± 8.3 kg BW) were used to determine changes in body temperature control that occur with consumption of an endophyte-infected tall fescue diet during controlled heat challenge. All animals were exposed in five separate periods to a step increase in ambient temperature (T a ) from 21 to 31°C while fed E+ (5 g ergovalineؒkg
Introduction
Consumption of endophyte-infected tall fescue (E+) during the summer frequently produces a condition known as fescue toxicosis. Fescue toxicosis has been associated with the presence of an endophytic fungus, 
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wise, all phases of the daily cycle increased equally during this challenge. This increase at 31°C was associated with higher levels of respiration rate, skin temperature, respiratory vaporization, and skin vaporization (P < 0.05) and lower blood levels of thyroxine (P < 0.05). Intake of the E+ diet further elevated T core in heifers during the short-term heat challenge (2 d), and the effect was most pronounced at 0000 to 0300 and declined thereafter. The increase in T core during E+ treatment was associated with an increase in respiration rate (P < 0.05), whereas metabolic heat production, skin temperature, skin vaporization and respiratory vaporization were unaffected. These results show that consumption of an E+ diet during continuous heat challenge results in a marked increase in core body temperature, especially during nighttime exposure to heat stress, due primarily to a reduction in cutaneous heat transfer, with no effect on heat production or other measured avenues of heat loss.
Neotyphodium coenophialium, in the fescue (Bacon et al., 1977) . Studies have shown that affected animals during heat challenge exhibit an increase in rectal temperature and respiration rate and a decrease in food intake, accompanied by a shift of grazing time to night periods (Bond et al., 1984; Rhodes et al., 1991; Osborn et al., 1992) . It is likely that the hyperthermia associated with this condition is responsible for many of the problems associated with fescue toxicosis.
Cattle exhibit diurnal variations in rectal or core temperature that can be affected by environmental conditions and physiological status of the animal (Wrenn et al., 1961; Simmons et al., 1965; Berman and Morag, 1971 ). There have been no studies of the effect of E+ on daily variation in body temperature. Likewise, there is limited understanding of the effect of E+ on body temperature responses to heat challenge and the mechanisms responsible for the maintenance of core body temperature control. The initial objective of the present study was to characterize the diurnal core temperature rhythm of beef cattle under constant thermoneutral and heat stress conditions, with and without consumption of an E+ diet. An additional objective was to provide a detailed description of the effects of repeated heat challenge and E+ diet on body temperature control and to determine the thermoregulatory mechanisms responsible for the induced shifts in homeothermy.
Materials and Methods

Animals
Six yearling Herefords (296 ± 8.3 kg BW) were obtained from the South Farm (University of Missouri) and housed in the Samuel Brody Climatology Laboratory. Animals were individually maintained in stanchions and fed at 0800 and 2000 a combined daily diet ( Table 1 ) that was 2% of BW. Water was available for ad libitum consumption from individual water cups. Animals were divided at random into two groups (A and B) with no pretreatment evaluation of responsiveness to endophytes.
Treatments
The treatment schedule used in this study consisted of five sessions that began after an initial 7-d acclimation to a thermoneutral air temperature (T a ) of 21.0 ± 0.8°C. In each heat challenge session, animals were exposed to a step increase in T a (1.5°Cؒd
) to 31.0 ± 1.0°C and maintained at this level for 2 d. Percentage of relative humidity was also maintained at 50 ± 1.6 for the entire study. Following heat stress, T a was decreased to 21°C for 3 to 5 d of recovery. This exposure routine was repeated in each experimental session of approximately 10 d duration. Session 1 was the first control heat stress in which all heifers were fed the E− diet. Sessions 2 and 3 were crossover designs in which three animals (Group A or B) were fed the E+ diet (5 g ergovalineؒkg
) and the others were fed the E− diet while exposed to the same step increase in T a . Animals were administered the test diets several days prior to an increase in T a to avoid simultaneous exposure to two potentially significant stressors. Session 4 The E− and E+ diets were prepared by incorporating 'FAWN' and 'KY-31' fescue seed, respectively, into the diets to achieve levels of ergovaline (0 to 5 g ergovalineؒkg
), not to exceed 20% of the diet. Seed was added to the diet in substitution for a portion of whole diet and not for a specific component of the diet. was the second heat stress-only session (E− for Groups A and B) followed by the last E+ test session. (Session 5; Group A received E+ diet and group B received E− diet). Sessions 4 and 5 were conducted to determine whether there was adaptation to the repeat heat challenge and intake of E+ diet, respectively.
Measurements
Core body temperature (T core ) was monitored continuously at 10-min intervals throughout the experiment using implanted telemetric temperature transmitters (Model VHF-T-1, Mini-Mitter, Sun River, OR), which were surgically implanted into the peritoneal cavity 10 d prior to initiation of the study. Rectal temperature (T re ) was measured daily at 0800 (morning rectal temperature; (T AM Rectal ) and 1700 (afternoon rectal temperature; T PM Rectal ) with a thermistor probe (Fisher Scientific, Pittsburgh, PA) for comparison with T core . Respiratory rate was measured daily at 0800 by counting flank movement. Skin surface temperatures of shaved regions, including shoulder (T shoulder ), back (T back ), hip (T hip ), tail (T tail ), coronary band (T coronary band ), and ear (T ear ), were measured daily at 0800, 1200, and 1700 using an infrared thermometer (Model 430AH, Everest Intersciences, Fullerton, CA). All body temperature values used for analysis of response at 21°C were recorded on the last 2 d at this T a . Similar measurements at 31°C were made over the 2-d exposure period at this T a . Other measurements (e.g., metabolic heat production) were made on the last day at each T a to avoid affecting body temperature recordings. Rates of metabolic heat production and respiratory vaporization were determined between 1200 and 1500 for each session. A previously developed mask system (Manalu et al., 1991) was used to measure gas exchanges for heat production and respiratory vaporization. Animals were Heifers fed the E− diet in Groups A and B were initially exposed to an ambient temperature of 21°C, followed by exposure to 31°C. trained and accustomed to the mask for 10 d before initiation of the study. Air flowed through the mask at a rate of 1.5 L/min. Metabolic heat production rate was calculated using the equation of Manalu et al. (1991) from measurements of oxygen, carbon dioxide, and methane (Servomex-Oxygen Analyzer, Model 540-Sybron, Taylor Instruments, Crow-borough, Sussex, U.K.; Carbon Dioxide and Methane Analyzers, Anarad Model AR 60, Anarad, Santa Barbara, CA). Skin vaporization was measured at three previously shaved locations (shoulder, back, and hip), on the same days as heat production and respiratory vaporization, using a modification of the capsule technique described by Manalu et al. (1991) . The capsule was constructed of brass with a sample surface area of 3.8 cm 2 . Airflow rate through the capsule was 0.3 L/min. Analysis of water vapor content was the same as for respiratory vaporization.
Blood samples were collected at 1700 to 1800 from the jugular vein on the last days at 21 and 31°C of each session for determination of specific calorigenic hormone levels. Samples were centrifuged immediately following collection. Plasma and serum were separated and stored at −80°C until they were analyzed for concentrations of total triiodothyronine, total thyroxine, Significant differences (P < 0.05) due to exposure to 31°C across time of the day within each group (e.g., 0800 at 21°C vs 0800 at 31°C Group A).
c,d
Significant differences (P < 0.05) within the same exposure between groups (e.g., 0800 at 21°C Group A vs 0800 at 21°C Group B).
e,f
Significant differences (P < 0.05) across time of the day (e.g., between 0800, 1200, and 1700 at 21°C Group A).
epinephrine, and norepinephrine. Serum total triiodothyronine and thyroxine concentrations were determined using commercial kits (Coat-a-count Kit, Diagnostic Products, Los Angeles, CA), and plasma epinephrine and norepinephrine were determined with an HPLC system using commercial kits (ESA Laboratories, Bedford, MA).
All body temperature measurements reported in this study are the average of two consecutive days of continuous exposure at each T a . In addition, T core data consist of hourly averages, calculated from six 10-min readings for each hour. Likewise, skin temperature determinations were the average of two determinations over a 10-min period (e.g., 0800 and 0810). Averages were used to derive reliable and consistent values for each measure. Trunk skin temperatures were measured in three different shaved locations (shoulder, back, and hip), as previously noted, to determine whether there were site differences in response for this general region of the body. However, comparison of site temperatures showed no significant differences among these locations (average P = 0.51). Therefore, an average of these values is reported in this study as the temperature of the trunk (T trunk ).
Statistical Analyses
Mean values were initially determined for all measurements as functions of time and treatment group. Analysis of variance was by split plot in time as described by Gill and Hafs (1971) . The linear statistical model contained the main effect of group (E+ and E− diets), and the subplot contained T a (21 and 31°C), session (five sessions representing different treatments), and time (representing multiple observations within each T a and session combinations). Also, the interaction of the main plot effect with the subplot effects was part of the model. Mean differences were determined by least significant differences (LSD) for a split plot design as described by Cochran and Cox (1957) .
Results
A daily rhythm for T core occurred in heifers fed an E− diet at 21°C (Session 1; Groups A and B combined); highest (39.0°C) and lowest (38.6°C) T core occurred at 2300 and 1300, respectively (Figure 1 ). Exposure to 31°C shifted average T core upward from 38.8 to 39.2°C, with maintenance of similar daily rhythm and amplitude. The increase in T core at 31°C was accompanied by increases (P < 0.05) in respiration rate, respiratory vaporization, skin vaporization, and skin temperatures, but no significant change in heat production (Tables 2 and 3). Rectal temperature was correlated positively (P < 0.001, r = .70) with T core during heat challenge. Generally, T core was 0.2 to 0.4°C higher than T re . In addition, respiration rate showed (P < 0.001, r = .72) positive correlation with T core . Ear skin temperature at 21°C (Table 3) was the only skin temperature that showed a daily rhythm; this measurement was lower (P < 0.05) during the morning and higher at noon and in the afternoon. These differences were not seen at 31°C (P > 0.05). Exposure to 31°C produced few changes in calorigenic hormone levels, only a slight change in thyroxine level (P < 0.05), and no changes (P > 0.05) in blood levels of triiodothyronine, epinephrine, or norepinephrine (Table 2) . Values in same row with different superscripts differ (P < 0.05).
e,f,g
Values in same column with different superscripts differ (P < 0.05). Values in the same row with different superscripts differ (P < 0.01).
Core body temperature was elevated above the normal heat-stress response level (Session 1) (P < 0.05) in Group A heifers fed the E+ diet during heat stress (Session 2) ( Table 4 ). The effect of the E+ diet on T core (Session 2) at 31°C was more pronounced during nighttime hours (0000 to 0300), as evidenced by the large change from the response to heat stress alone in Session 1 (Figure 2A ). The maximum core temperature was 40.3°C at 0000 and the minimum was 39.0°C at 1100 to 1200. There was no difference in T core (P > 0.3) response to heat stress alone and heat stress plus E+ diet at 0600, 1200, and 1800 (Table 4 ; Figure 2A ). The switch from E+ to E− diets (Session 3) for these heifers brought T core closer to its original heat stress response level (Session 2) during nighttime hours, as seen by the negative change from heat stress and E+ diet level (P < 0.05; Figure 2B ). Respiration rate (Table 5 ) was also higher (P < 0.01) with intake of E+ diet at 31°C (Session 2) compared to the normal heat stress response (Session 1). Both T trunk and T tail tended to be lower during consumption of E+ diet (Table 6 ; Session 2), with a significant decrease in T trunk at 1700 (P < 0.05) and T tail at 1200 (P < 0.05) below heat stress level (Session 1). Group A heifers exhibited no effect of the E+ diet on heat production, respiratory vaporization, skin vaporization, T coronary band , T ear , T AM Rectal , or T PM Rectal (P = 0.47 to 0.93) when recorded at midday.
Group B heifers displayed a response to heat stress and E+ diet (Session 3) that was different from the response of Group A heifers (Session 2). Consumption of the E+ diet during heat stress produced no change Table 6 . Skin temperature response (Group A) to heat stress (31°C) and a combination of heat stress and the E+ diet for first (Sessions 1 and 2) and final (Sessions 4 and 5) exposures to identify effect of repeat treatment Values in the same row (time = 0800) with different superscripts differ (P < 0.05).
Values in the same row (time = 1200) with different superscripts differ (P < 0.05).
i,j
Values in the same row (time = 1700) with different superscripts differ (P < 0.05).
Values in the same row with different superscripts differ (P < 0.05) across time of day (e.g., between 0800, 1200, and 1700 at 31°C at first exposure).
(P > 0.6) in T core of Group B animals ( Figure 2B ) compared to the previous heat stress exposure. Likewise, skin temperatures, T AM Rectal , T PM Rectal , respiration rate, heat production, respiratory vaporization, skin vaporization, and blood levels of epinephrine, norepinephrine, triiodothyronine, and thyroxine across Sessions 2 and 3 were not affected by E+ treatment (P > 0.05). Further indications that Group B was less responsive to E+ and heat stress than Group A included a lower respiration rate for Group B under these conditions (66.0 vs 84.3 breaths/min; P < 0.05) and higher T tail at 1200 to 1700 (36.45 vs 35.45; P < 0.05).
The effect of repeat exposure to treatment conditions was determined by comparison of responses to heat stress alone in Sessions 1 and 4 and heat stress plus E+ in Sessions 2 and 5 for Group A. The general effect of repeat heat stress was a reduction in T core ( Figure  3 ) at 21°C (38.8 vs 38.4°C; P < 0.001). Time-specific comparisons also showed a reduced T core at 31°C for Session 4 compared to Session 1 (P > 0.05) at 0000 and 0600 (Table 4) . Neither a change in the amplitude nor in the pattern of daily T core was noted at 21 or 31°C as a result of repeat exposure (Figure 3 ). Both T tail and T trunk values at 31°C were reduced (P < 0.05) at 0800 and 1200, respectively (Table 6) , with repeat exposure. Combination of T core for Groups A and B (Table 7) also showed a general reduction in value (P > 0.05) from Session 1 to Session 4 at both 21 and 31°C. Likewise, skin temperature for the four sites was generally reduced (P < 0.05) at both 21 and 31°C (Table 8 ). In contrast, there were no identified differences in heat production or heat loss (e.g., skin vaporization) processes from Sessions 1 to 4 (Table 9) .
Only Group A animals received a repeat exposure to heat stress and E+ (Session 5) for comparison with initial exposure to the same conditions (Session 2). Daily average T core during heat stress and E+ diet treatment in Session 5 was slightly lower (P < 0.05) than in the first exposure to E+ (39.36 vs 39.50°C); the primary differences occurred during nighttime hours (Table 4) . However, T core was higher in Session 5 than during the previous heat challenge alone ( Figure 2C ; 39.36 vs 39.08°C; P < 0.05). This endophyte-induced rise in T core in Session 5 was accompanied by an increase (P < 0.01) in respiration rate from the thermoneutral level (Table  5 ; 74 vs 56 breaths/min). In contrast, skin temperatures, T AM Rectal , T PM Rectal (P = 0.16-.30), skin vaporization, respiratory vaporization, heat production (P = 0.40 to 87), epinephrine, norepinephrine, triiodothyronine, and thyroxine (P = 0.58-.79) did not change from Session 4 to Session 5.
Discussion
Cattle exposed to a constant thermoneutral temperature in the present study exhibited a monophasic shift in core body temperature with low (38.7°C) and high (38.9°C) values at 1200 and 2400, respectively. Bligh and Lampkin (1965) have shown that Hereford cattle under cycling thermoneutral conditions exhibit a monophasic diurnal variation in internal body temperature, in agreement with the present study. However, the time for maximum and minimum temperatures reported by Bligh and Lampkin (1965) were not similar to those noted in the present study. In fact, the times for high and low values were reversed, with maximum deep body temperature (39°C) at 1200 and minimum (38°C) at 0000, and a daily average of 38.4°C (Bligh and Lampkin, 1965) . Berman and Morag (1971) compared diurnal rhythms of body (rectal and tympanic) temperature of dairy cows during summer (31.6°C) and winter (16.6°C) periods. They showed that in both seasons these body temperatures exhibited a monophasic variation, with peak at 1800 (T re was 39.7 and 39.0°C during summer and winter, respectively) and trough (T re was 38.6 and 38.5°C, during summer and winter, respectively) at 0600. Biphasic elevations at 0500 to 0700 and at 1300 to 1800 and polyphasic variations in vaginal temperature were reported by Wrenn et al. (1961) for dairy cattle maintained under unstressful conditions. It is obvious from these studies that there is disagreement as to the specific time of the day for peak and trough in internal body temperature of cattle, even under thermoneutral conditions. One possible source of variation between studies is the feeding time. In the current study, animals were fed at 0800 and 2000. It is likely that a feedinduced increase in metabolic heat production would begin after 0800 and continue for several hours after the last meal of the day, and body heat would continue to accumulate for at least 1 h after this period. This would bring the animal to approximately 2300 to 2400 and explain the noted peak in core body temperature at 2400. Watts (1977) has shown that nonevaporative heat loss in cattle increases at night, which normally is the coolest time of the daily cycle. This would allow animals to dissipate more body heat and result in a reduction in internal body temperature. Also at night, heatflow reverses and stored heat is dissipated back to the environment to produce a decrease in internal body temperature (Finch, 1986) . However, under constant heat challenge, as achieved in the present study, or when percentage relative humidity increases at night, animals are not able to benefit from an increased thermal gradient and consequently internal body temperature in- Values in same row with different superscripts differ (P < 0.05).
Values in same column with different superscripts differ (P < 0.05). Table 8 . Skin temperature response to thermoneutral (21°C) and heat stress (31°C) conditions during the first and fourth trials (Groups A and B) as a function of time of day to identify effect of repeat treatment Values in the same row with different superscripts differ (P < 0.05) across exposure (e.g., 0800 at 21°C, first exposure vs 0800 at 21°C, fourth exposure). c,d,e Values in the same row with different superscripts differ (P < 0.05) across time of the day (e.g., between 0800, 1200, and 1700 at 21°C, first exposure). *Significant differences (P < 0.05) due to exposure to 31°C.
creases. Furthermore, during the day, heat gain from the environment and feed-induced metabolic heat production usually exceeds heat loss by evaporative and nonevaporative cooling. Therefore, some heat is stored and internal body temperature rises (Curtis, 1983) . The nighttime rise in T core of heifers in the present study may be attributed to these heat exchange processes. The mechanisms by which cattle regulate internal body temperature during heat exposure include a decrease in rate of metabolism and increase in heat loss by nonevaporative and evaporative cooling mechanisms (Curtis, 1983) . In the present study, respiratory (P < 0.001) and skin vaporizations (P < 0.05) were doubled with an increase in T a from 21 to 31°C, indicating that these animals were able to increase heat flow from the body under these conditions. The increase in T core of heifers in the present study with intake of E+ diet was not associated with a comparable increase in skin temperature. This agrees with results of Aldrich et al. (1993) and Osborn et al. (1992) , showing that cattle fed an E+ diet exhibit an increase in T re but not in skin temperature. The lack of parallel increase in skin temperature with consumption of an E+ diet during heat challenge suggests a decreased peripheral blood flow or lack of an increase to augment heat loss (Rhodes et Values in same row with different superscripts differ (P < 0.05).
al., 1991; Solomons et al., 1989) . Rhodes et al. (1991) showed that E+ causes a reduction in blood flow to the skin of heat-challenged steers, as evidenced by the reduction in blood flow to the skin covering the inner hind leg. They hypothesized that the reduced blood flow to the periphery would reduce the ability to move heat from core tissue to the surface for dissipation and result in the reported increase in T re .
Results of the present study show that it is possible to generate a reliable increase in T core of heifers, indicative of fescue toxicosis, by controlled administration of 5 g ergovalineؒkg
ؒd −1 at 31°C. A similar hyperthermic response to intake of endophyte-infected fescue has been reported by others (Bond et al., 1984; Rhodes et al., 1991; Osborn et al., 1992) . The present study indicated that the primary increase in T core of animals consuming an E+ diet above control level occurred during the night at 31°C, with less increase during the rest of the day. As noted earlier, the nighttime period is when the heifers displayed a normal increase in T core under both thermoneutral and heat stress conditions due to the continued daytime accumulation of body heat. It is likely that the combination of heat stress and reduced heat dissipation due to intake of an E+ diet would result in increased hyperthermia. The di-minished hyperthermia at the end of the day might be suggestive of an initial period of adaptation. Additional studies are needed, however, to verify this response.
Heat production, respiratory vaporization, and skin vaporization of cattle in the present study were not affected by intake of an E+ diet during heat challenge. Aldrich et al. (1993) , working with Holstein calves, found that consumption of E+ diet during constant heat challenge (32°C and 50% relative humidity) resulted in a 50% reduction in skin vaporization and no changes in heat production or respiratory vaporization. However, skin vaporization did not change in the present study with consumption of E+ diet. This might be attributed to the time of skin vaporization measurement, which was during the middle of the day when there was no significant difference in T core of E+ and control animals. It is possible that measurements conducted at night would have shown significant changes in these variables. Skin vaporization did increase significantly with exposure to heat stress, but there was no further increase in skin vaporization due to consumption of an E+ diet. This would suggest that there is a relative reduction in the animal's ability to dissipate body heat by skin vaporization, which may have contributed to the higher body temperature observed with fescue toxicosis. Group B showed no changes in T core and respiration rate when fed an E+ diet during heat challenge. However, there were no major differences in responses of Group B animals to initial heat challenge (from 21 to 31°C) compared to Group A animals. This would suggest that Group B animals were more tolerant of this level of heat stress or had partially adapted to this condition with repeated challenge and, as a result, were less responsive to an E+ diet.
Due to the similarity in structure between ergot alkaloids and catecholamines, the functional relationship between consumption of E+ diet and the circulating levels of these hormones have been studied to determine whether a shift in catecholamine activity is responsible for some symptoms associated with fescue toxicosis. However, consumption of E+ diet in the present study did not alter the blood levels of epinephrine and norepinephrine. Elsasser and Bolt (1987) found that in ewes plasma concentrations of epinephrine and norepinephrine were not affected by consumption of an E+ diet. These results would suggest that catecholamine action is not responsible for symptoms associated with fescue toxicosis.
Repeated heat challenge and consumption of an E+ diet resulted in a reduced response to E+, suggesting that heat adaptation and(or) adaptation to E+ reduces its adverse effect. A comparison of Angus and Brahman breeds (Brown et al., 1993) grazing E+ and E− fescue pastures, with a range of daily maximum T a from 35.7°C to 28.4°C, showed a decrease in milk production. However, the magnitude of the reduction (0.53 vs 1.64 kg/ d) was less for the Brahman cows, which have superior heat tolerance. McMurphy et al. (1990) reported the same effect on feed intake of Angus and Brahman-Angus crosses. Likewise, the reduction in body weight gain of Brahman-Angus crosses grazing E+ pastures from November to late May in Oklahoma was less than that for Angus (14 vs 38%). Future studies are needed to separate effects of adaptation to heat and E+ diets to develop management strategies for improved tolerance to fescue toxicosis.
Implications
Continuous exposure to heat stress results in an increase in core body temperature above thermoneutral level during all phases of the daily cycle. Consumption of an E+ diet during heat stress results in a marked increase in core body temperature during the dark phase. There was evidence, however, for partial adaptation to endophytes and heat stress following repeat treatment. For this reason, beef cattle grazing on E+ pastures during the initial heat stress of summer months and limited nighttime reduction in ambient temperature should be carefully monitored for excessive hyperthermia that could place these animals at extreme risk. The primary mechanism responsible for hyperthermia under these conditions is a reduction in peripheral heat loss, with no indication of increased heat production.
